The hot-wire technique has been used to measure the regular vortex street pattern behind a cylinder at low Reynolds number. Measurements of mean velocity distribution were made both below and above the critical Reynolds number at which the periodic motion appears.
In Cambridge no micromanometer of this low range was available, so a special low-speed meter was built.
The need for measuring very low mean speed first suggested the use of hot-wire technique. But since the calibration of a thin hot wire is reliable for only a limited interval of time, a more rugged instrument was desirable. The instrument finally built also worked on the cooling effect of the air stream.
A steel hypodermic needle (0*7 mm. outside diameter) was heated by 5 to 10 amp. a.c., from the secondary windings of a special transformer. A copper-constantan thermocouple was placed in a glass capillary inside the hypodermic needle.
Two identical units were made, and the balanced output of the two thermo couples, oppositely connected, was fed into a millivoltmeter (Weston, 5 mV range, 5Q resistance). One unit was placed in the air stream, the other was kept at constant mean temperature of the room, and served as reference for maintaining constant heating current.
The instrument was calibrated in the wind tunnel in the following way: a thin (0-060in.) resistance wire was mounted across the wind tunnel and heated by d.c. with a superimposed a.c. (50c./sec.), resulting in a periodic temperature fluctuation in the wake. The heat 'patches' could be identified in the laminar wake of the wire quite well by comparing the signal of an exploring hot-wire anemometer with this a.c. heating voltage, in particular, by noting the phase relation. From the wave length of the heat pattern in the wake, the mean speed was determined. (The instrument was usable in the speed range of 1 to 10 ft./sec.) M e a s u r e m e n t o f f r e q u e n c y a n d o f c r it ic a l R e y n o l d s n u m b e r The frequency of the periodic wake was observed with the hot-wire anemometer. The maximum signal was obtained when the hot wire was located 5 to 10 diameters behind the wire and slightly off the centre of the wake.
The hot-wire signal was amplified and fed into the horizontal deflexion system of a cathode-ray oscilloscope; an audio-frequency oscillator was used for the vertical deflexion. Thus when the two frequencies were equal, the Lissajous figure became an ellipse.
This method gave sufficient accuracy at relatively low Reynolds numbers where the motion was extremely regular; but at higher Reynolds numbers, decreasing regularity reduced the accuracy.
The results are expressed in the form of Strouhal number:
where / is the observed frequency, d the diameter of the wire, U0 the undisturbed mean speed, v kinematic viscosity. Figure 1 is a logarithmic plot of the results using wires of various diameters. Careful measurements were made to determine the Reynolds number at which the periodic wake appears. The critical Reynolds number was found to be i?crlt = 40. This value was obtained with wires of very high length/diameter ratio (the length Hot-wire investigation of the wake behind cylinders of the wire was always 50 cm.). The transition does not seem to have any hysteresis; the critical value is the same for both increasing and decreasing mean velocity. If the velocity is set very slightly below the critical value a slight disturbance, e.g. 'plucking' the wire, started the development of periodicity, but it decayed Hot-wire investigation of the wake behind cylinders © -20 F igure 2 slowly as the external disturbance ceased. This phenomenon gives strong evidence for the existence of laminar oscillations in the viscous wake at a certain critical Reynolds number. In earlier measurements the wall effects seemed to modify the results (Thom 1933). Experiments were carried out to obtain the velocity distribution behind a cylinder both slightly below and slightly above the critical Reynolds numbers. The cylinder used was a 1 mm. steel wire. The measurement was difficult because of the low speed and the necessarily small traversing steps.
Hot-wire investigation of the wake behind cylinders The hot wire should not be supported by long prongs parallel to the flow, because this caused an instability in the wake that propagated upstream. Therefore the probe had to enter the wake from the side. This caused slight asymmetry in the reading, but it was assumed that the half-distribution measured before the centre was reached was unaffected. The data are given in table 1. Figure 2 shows the velocity distribution for the laminar case at R = 34.
The measurement of the mean velocity in the periodic wake is more difficult. As the velocity fluctuates, the mean readings of the hot wire are affected by the non linear response, so that a 'rectifying effect ' appears. Correction of the mean velocity readings was made on the basis of non-linear hot-wire characteristics with the use of the velocity fluctuation measurements at the same point. The treatm ent is identical with the computation of the distortion of a sine wave due to non-linear distortion of an amplifier stage.
The fluctuations made detection of zero mean velocity almost impossible, since a hot-wire set parallel to the z-axis measures absolute value of the velocity vector in a two-dimensional ( x, y) flow. The data of mean speed and fluctuation a table 2. Figure 3 shows the mean velocity distribution behind the 1 mm. diameter wire at Reynolds number R = 56. The vortex street is fully developed. 
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M e a n f l o w p a t t e r n
The two-dimensionality of the flow was experimentally verified. Thus the hot wire measurement gives the absolute magnitude of the velocity, and therefore a stream function x j r0 exists:
where Ux, Uy are the components of mean velocity and n is the direction perpen dicular to the stream lines. If U (x , y) is known from measurement, t lines (streamlines) can be constructed graphically by using small circles with diameter 1 /U ,and drawing the '^0 = constant' lines tangential to the circles.
The data given in figures 2 and 3 were used to construct figures 4 and 5.
Of course reversed flow cannot be detected with the standard type of single hot wire anemometer. The scale of the flow phenomenon was so small th at the use of direction meters was impracticable. Therefore it can only be stated th at the shaded areas are probably regions of reversed flow. In these regions no substantial change in stream function could be detected. The main difference between the mean flows below (figure 4) and above (figure 5) the critical Reynolds number is th at in the simple laminar flow the wake is more extensive. In the vortex street, the higher shearing stresses even out the differences more rapidly. In these two figures the spacing of the contour lines corresponds to -5 -4 -3 -2 -1 y/d Figure 8 Since the velocity fluctuations in the vortex street were almost one order of magnitude smaller than the mean velocities it was possible to determine the amplitude of this periodic motion by a very convenient method; the root-mean-square velocity fluctuation,'as determined by a simple hot-wire -meter' gave a good measure of this amplitude. Just as in the case of measurement of low turbulence levels, the second order contribution from the v' component of velocity fluctuation can be neglected.
The data for the mean flow and the fluctuations are given in tables 1 and 2. It is remarkable that the fluctuations close to the cylinder are very small and that they develop ,a maximum of intensity only in the vicinity of = Id. The closest traverse, at x/d = 2, shows that very near to practically no fluctuation present. Thus, the vortices are not * shed ' from the cylinder at this low Reynolds number, but develop several diameters downstream. Measure ments were made on one side of the wake only, because, as mentioned earlier the hot-wire holder interfered with the wake when it crossed the middle portion. The oscillograph records showed that the instantaneous pattern then became slightly unstable.
The maxima of the fluctuations are plotted against downstream distance in figure 9 . The maximum value of 14 % occurs at xjd = 7.
In general the fluctuations studied here are of pure periodic type; the pattern remained unchanged on the oscilloscope screen for hours, showing a surprising «s ft? stability. As was to be expected for such a flow pattern, the fluctuation a t the middle of the wake was always pure double frequency. The double-frequency component decreased rapidly with distance from the wake centre, and disappeared almost completely before the point of maximum fluctuation was reached.
The contour diagram of the r.m.s. fluctuations was constructed in figure 10 . The difference between contour linesis2% of the undisturbed mean speed. (Aw'/?70 = 0-02.)
INSTANTANEOUS-FLOW PATTERN"
Since the flow pattern is completely regular and stable at Reynolds numbers not exceeding E = 160, phase measurements were possible so th at the complete veloc distribution could be obtained. Figure 11 shows the block diagram of the electronic set-up used in point-to-point phase determination. One fixed hot wire served as reference for timing, and the other was mounted on a traversing mechanism. The reference hot wire was used to synchronize the time base (i.e. the sweep frequency) of the cathode-ray oscilloscope. This way a very steady and highly reproducible oscillogram could be obtained.
When the exploring hot wire was moved along, the pattern on the screen of the oscilloscope shifted correspondingly; therefore phase relations could be easily determined. The distance between points of the same phase angle gave the spacing or wave-length of the pattern. Typical oscillograph records are shown in figure 12.
For these records, xjd -5, and the value of yjd is given on each record. The records were taken from synchronized steady patterns with exposures ^ sec. Slight intensity variations are noticeable due to stroboscopic effect.
The relative phase of second and first harmonics varies with distance downstream. The first harmonic is asymmetric with respect to the ar-axis, the second is symmetric. The phase relations are shown in table 3.
Hot-wire investigation of the wake behind cylinders where Ux and U2 vary slowly with x but rapidly with y. is the odd function of y, U2 is the even function. ^x{x) and £2{x) are almost linear functions of x, taking care of non-uniform spacing. The time frequency / is constant because the sequence of eddies is continuous. 3. P h a s e o f t h e f i r s t a n d s e c o n d c o m p o n e n The instantaneous total stream function ijr(x,y) was constructed by using the following simplifications.
(1) U -l was computed as V2 u' in the region where no double frequency was visible.
(2) U2 was computed on the assumption th a t it vanished parabolically in the ± y directions:
U2 ( The flow was constructed from the co-ordinate system fixed to mean motion of the fluid; the velocity is 0 a t infinity. The computation of \{r was made in three steps: (a) the stream function of the mean flow (6) the first harmonic of the fluctuation (fix), (c) the second harmonic (ijr2). The resulting pattern is given in figure 11 , and the lines correspond to differences in the stream function, A = 0* 1 UQ d, the dotted lines are half-values between two full lines. The streamline pattern in figure 13 is viewed relative to the undisturbed flow a t infinity. The diagram clearly shows the development and decay of this motion.
Co n c l u s io n s
The experiments have established the following facts:
(1) The critical Reynolds number, i.e. th a t at which the vortex street sets in, is a well-defined value for infinitely long circular cylinders, and the pattern th a t appears is unique and stable.
(2) The ' vortices ' develop some distance downstream within the Reynolds number range 40 to 160, and are not shed directly from the cylinder. Consequently the
